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Durante (1956, 1957) has shown histochemically that a cholinesterase 1s 
localized in the two lateral bands of muscle cells extending posteriorly in the larval 
tail of the ascidian, Ciona intestinalis. Since there was inhibition of normal 
muscle function in Ciona embryos and larvae exposed to eserine sulfate and other 
inhibitors of cholinesterase activity, the enzyme undoubtedly has a function in tail 
muscle contraction (Durante, 1958). 

When Ciona embryos were treated with eserine during early embryonic stages, 
the inhibition of muscle activity which it caused was not reversible when the 
embryos were removed from the eserine solution, whereas, the imhibitory effect 
of eserine on fully developed tadpoles was reversible (Durante, 1958). Durante 
concluded that eserine may stop the synthesis of cholinesterase during development. 
The most interesting of the experiments she reports is a prefertilization effect of 
eserine. Ciona eggs placed in eserine tor several hours prior to fertilization and 
subsequently fertilized and permitted to develop in eserine-free sea water, produced 
morphologically normal larvae which were quiescent, and which lacked sustained 
movements of the tail (Durante, 1955). This work supports the intriguing possi: 
bility that a specific enzyme inhibitor might prevent synthesis of the enzyme tt 
inhibits. 

The most plausible alternative to the explanation suggested by Durante 1s 
that eserine remains trapped in the egg or embryo, and that this residual eserine 
inhibits the muscular movement of the larva. However, it was the prefertilization 
experiment which led Reverberi (1961) to accept the conclusion that cholinesterase 
synthesis had been interfered with, because he considered it unlikely that the Crona 
embryos could have retained eserine for such a relatively long time in pure sea 
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In view of the potential importance of the Durante results, we have under- 
taken to repeat the prefertilization experiment and to examine the possibility of 
eserine retention. Our work unequivocally shows that eserine is trapped in the 
egg in sufficient quantity to inhibit most of the acetylcholinesterase activity in the 
developing embryo, and that acetylcholinesterase svuthesis is not affected by tte 
drug. 


MATERIALS AND ‘NIETIIODS 


-fnunals 


Adult specimens of Ciona intestinalis l. were collected at Marina del Rey, 
California, and gametes were obtained surgically as described by Costello, Davidson, 
l ggers, Fox anni Menle tG19s7). Pe SUE were reared im filtered sea water 
daa on aae mpera eo SA CaO) 3c: 


Chemicals 


Reagent grade chemicals were used throughout these studies. Eserine sulfate 
(H.SO,) USP was purchased from Calbiochem, BW62C47 [1 :5-bis-(4-tri- 
methyl-ammoniumphenyl) pentan-3-one diiodide| was a gift from the Burroughs- 
Wellcome Company, Tuckahoe, New York, and iso-OMPA (tetraisopropylpyro- 
phosphoramide) was purchased from I7 Light and Company Ltd., Colnbrook, 
England. Dithiobisnitrobenzoic acid was purchased from Aldrich Chemical Con 
pany; acetylthiocholine iodide and butyrylthiocholine iodide were obtained from 
Nutritional Biochemicals Corporation. 





Preparation of homogenates for ensyite assay 


Embryos of the desired stage were washed with filtered sea water, and collected 
by low speed centrifugation. One to five thousand embryos were homogenized 
in a variable speed motorized Potter-Elvehjem homogenizer with a teflon pestle 
in a medium consisting of 0.1 M sodium phosphate buffer (pH 8.0) with 0.1% 
Triton X-100 (Rohm and Haas, Philadelphia, Pennsylvania). Homogenates were 
centrifuged in an International Centrifuge Model V at 750 X g for 10 minutes, 
and the resulting supernatants assayed for acetylcholinesterase activity. Different 
homogenate supernatants contained 0.1-0.5 a 1g protein/ml. 


Assay for acetylcholinesterase activity 


A shghtly modified method of Ellman, Courtney, Andres and Featherstone, 
(1961) was used to measure the acetylcholinesterase activity of homogenate super- 
natants (Fromson, 1968). Reaction mixtures contained 2.6 ml of 0.1 M sodium 
phosphate buffer (pH 8.0), 100 pl 0.1 AZ dithiobisnitrobenzoic acid in 0.1 M 
sodium phosphate buffer (pH 7.0), 100 pl 0.75 M acetylthiocholine iodide and 100 
ul enzyme homogenate supernatant. The final substrate concentration in the 
reaction mixture was 2.5 X 10° W. This concentration was assumed to saturate 
the enzyme reaction based on the findings of Ellman et al. (1961). The reaction 
mixtures were incubated at 20° C in a water bath. Under these assay conditions, 
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Ciona enzyme activity was directly proportional to incubation time and, directly 
proportional to the amount of homogenate protem in the reaction mixture. 

The enzyme reaction velocity studied was the change in optical density 
OID) at 412 nov in a ZersMeATOU! spectrophotometer. In Table 1, where 
per cent activities of the enzyme were being compared, enzyme activity was ex- 
fieeeed as SOD 2 nn Teaming Otherwise, In Tahle Iland Fisure dy, 
enzyme activity was expressed as a specific activity, millimicromoles substrate 
hydrolyzed/min/mg protein, since results with different homogenates were being 
compared directly. Four activity measurements were made on each homogenate 
used and the results expressed as a mean = the standard error (S.E.) of the mean. 


Protein analysis 


Protem was precipitated from samples of enzyme homogenate by the addition of 
trichloroacetic acid to a concentration of 5%. An acid-insoluble fraction was pre- 
pared according to Whittaker (1966). The Lowry method was used to measure 
total protein in these acid-insoluble fractions (Lowry, Rosebrough, Farr and 
Randall, 1951) with erystallized bovine serum albumin (Armour Pharmaceutical 
Company ) as a quantitative standard. 


Eserine treatment 


Unfertilized eggs were removed surgically from the oviducts of adult specimens 
of Crona and washed in several large volumes of filtered sea water. Eggs from 
each adult organism were kept separately at 18° C for 90-120 minutes (more time 
than required for the first cleavage to occur). The eggs were examined micro- 
scopically and only batches of non-dividing eggs were used. These unfertilized 
eggs were pooled and divided into two groups. One group was held as a control. 
The other group was treated with 0.002% (3 x 10> AZ) eserine sulfate for one 
hour, and washed free of drug with an excess of filtered sea water. Control and 
eserine-treated eggs were then fertilized by addition of a dilute sperm suspension. 
and the resulting embryos reared in eserine-free sea water to the tadpole larva 
stage (18-19 hours at 18° C). There was no evidence that fertilization occurred 
in the control and eserine-treated eggs prior to the addition of sperm suspension. 


RESULTS 
Nature of the cholinesterase ensyme 


Since the measured cholinesterase activity could be caused by a pseudocholines- 
terase as well as a true acetylcholinesterase, two series of experiments were 
performed which would distinguish between these two enzymes. Activities were 
measured after treatment of the enzyme preparation with three specific enzyme 
inhibitors, and in the presence of the cholinesterase substrates acetyl- and butyrvl- 
thiocholine. The results of these experiments are presented in Table I. 

The cholinesterase inhibitor eserine sulfate (Chadwick and Hill, 1947) was 


added to larva homogenates (1.5 x 10% J/ final concentration). After a 20-30 
minute incubation at room temperature, no enzyme activity was detected in this 
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mixture. Tins rules out the possibility that a non-specific esterase is contributing 
to the cholinesterase reaction. 

Larval cholinesterase was further characterized by the effect of specific enzyme 
iwhibitors. Enzyme activity was measured m control homogenates, homogenates 
treated for 20 minutes with the pseudocholinesterase inhibitor iso- -OMERA (tetra 
isopropyl lpyrophosphoramide, 10° WA; Aldridge, 1953), and homogenates treated 
20 minutes with the acetylcholinesterase inhibitor BW > 62C47 |1 :5-bis-(4-trimethyl- 
ammomumphenyl)pentan-3-one diodide; Burgen, 1949]. Tike scholinesterise 
activity was minbited 95.8% by BW 62C47 and only 5.5% by iso-OMPA. These 
data are consistent with the proposition that most of the enzyme activity is acetyl- 
cholinesterase activity. 


FABLE |] 


Effect of substrates and specific ensyme inhibitors on the cholinesterase 
activity of embryo homogenates 








Enzyme 

activity 
Addition to reaction mixture Function of additive (A0.D412 nm Nee et 
X 103/min) ]] Acs 
mean + S.E. 


Per cent 








Homogenate | 


Acetylthiocholine iodide Cholinesterase substrate | 34.1040.36) 100 
Gh X10 -* 8) | | 
5 


2 E7 oes : | 
Butvryithiocholine iodide _ Pseudocholinesterase substrate | 1.5340.12 4. 
| 


— — a ed ooo oe —| 








Homogenate 2* 


None (control) 16.58+0.15 100 





Iso-ONTPA (1073 M) | Pseudochohuesterase inhibitor | 15.68+0.12 94.5 
BW62C47 (107? m | Acetyicholinesterase inhibitor 7020001 4.2 


Eserine sulfate (1.5 X 1073 A) | Cholinesterase inhibitor 0 () 








* Acetylthiocholine iodide (2 X 107? AZ) used as substrate. 


Acetylcholinesterase and pseudocholinesterase are also distinguished byv their 
respective substrate specificities. Since acetylcholinesterase 1s highly specific for 
acetate contaming substrates (Aldridge, 1953), enzyme activities were measured 
using the substrates acetyl- and butyrylthiocholine 1odide. The measured enzyme 
activity with the butyrylthiocholine was only 4.5% of the activity measured using 
the acetylthtocholine iodide substrate. Therefore, the enzyme activity measured 
in tadpole homogenates is attributable to the presence of acetylcholinesterase. 


Effects of eserine treatment 


Unfertilized eggs were treated with 3 X 10° A/ eserine sulfate and washed free 
of the drug after one hour. These eggs were then fertilized and reared in eserine- 
free sea water. The resulting larvae exhibited a vastly reduced capacity for move- 
ment. Despite this striking physiological impairment, no morphological irregulari- 
ties were observed upon microscopic examination of these larvae. These findings 
are similar to those reported by Durante (1958). 

Acetylcholinesterase activity, measured in homogenates of larvae hatched from 
eserine-treated eggs (as described above), was inhibited 80-87% (Table IT and 
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Iie. 1). These quantitative measurements of enzyme activity confirm) Durarite’s 
(1958) hypothesis that embryos treated with eserine prior to fertilization are 
defective in acetvicholinesterase activity. 


Eserine retention 


Eserine accumulation and retention during the one hour prefertilization meuba- 
tion is indicated by the following results. Acetylcholinesterase activity assayed in 
homogenates of larvae hatched from eserine-treated eggs was milubited 80% 
(Table 1I). Homogenate mixtures containing equal amounts of control and 
eserine-treated embryo homogenates should have a predictable enzyme activity 
calculated by averaging the mean activity values for each of the two component 
homogenates. 


PABLE II 


Acetylcholinesterase activity of embryos treated prior to fertilization with eserine 











| Acetylcholinesterase activity 
(mpmoles substrate hydrolyzed ‘min, 
mg acid-insoluble protein) 
mean CENIE 


Embryo homogenates 


Conte BP aet0us7 





Eserine-treated 6.60 + 0.32 
Calculated activity of a 1:1 mixture of control and eserine- 19.61 


treated embryo homogenates 
Actual activity in a 1:1 mixture of control and eserine: | 6223 == 008 
treated embrvo homogenates 








In the experiment reported in Table II, this calculated level was 56% of the 
control enzyme activity level. However, the actual acetylcholinesterase activity 
detected in the homogenate mixture was only 17% of the control level. Apparently, 
unfertilized Ciona eggs treated with eserine accumulate and retain this drug in 
sufficient quantities to inhibit the majority of the acetylcholinesterase activity in the 
homogenate mixture. In fact, the acetylcholinesterase activity in the mixed homog- 
enate was not significantly different from the activity measured in the eserine- 
treated embryo homogenate alone. 


Restoration of ensyme activity 


If the sole action of the accumulated eserine is to inhibit enzyme activity, then 
the presence of this inhibitor during development should not interfere with 
acetyIcholinesterase synthesis. Removal of the inhibitor from homogenates of 
prefertilization-treated embryos should restore acetylcholinesterase activity to the 
level of control homogenates. Eserine is a reversible inhibitor of acetylcholinester- 
ase activity: it can easily be removed from the enzyine by dialysis (Cohen, Kals- 
beek, and Warringa, 1948). 

Homogenates were prepared from control and experimental larval stage 
embryos and acetyicholinesterase activity measured. The experimental embryos 
were treated with 3 X 10-5 JZ eserine sulfate for one hour prior to fertilization. 
In the experiment shown in Figure 1, eserine treatment resulted in an &/% 
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20 


ACE TYLCHOERINESTERASE ACTIVITY 
(mumoles substrate hydrolyzed/min/mg protein) 





befor after before after 
dialysis dialysis dialysis dialysis 
eo OE a ae, 


CONTROL ESERINE- 

TREATED 
FicureE 1, Unfertilized Ciona eggs incubated in 3 X 10° M eserine sulfate for 1 hour prior 
to fertilization. The eggs were washed free of eserine, fertilized, and allowed to develop 
into larvae. sAeetyleholinesterase was measured in control and eserine-treated larva homog- 
enates. These two homogenates were then dialyzed against distilled water, and the post- 


dialysis enzyme activities of control and eserine-treated embryo homogenates measured. 
The bars represent the mean enzyme activity of 4 aetivity measurements on each homogenate ; 
the vertieal lines indicate the standard error of the mean. 


inhibition of enzyme activity. These control and eserine-treated embryo homogen- 
ates were dialyzed against distilled water for 55 hours at room temperature. After 
dialysis, the enzyme activities in the homogenates were determined once again. 
serine inhibition was completely reversed by dialysis; acetylcholinesterase activi- 
ties in the dialyzed control and the dialyzed experimental embryo homogenates 
were equal (Fig. 1). Since dialysis restores the level of enzyme activity in the 
experimental homogenate to that found in the control homogenate, the presence of 
eserine has obviously not prevented the synthesis of a full complement of acetyl- 
cholinesterase in these embryos. 
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An interesting pomt concerning the stability of Crona acetyicholinesterase is 
tstrated by the dialysis of control homogenate in Figure 1. Since there is no 
loss of activity following a dialysis of two days duration at room temperature, the 
enzyme is shown to be remarkably resistant to denaturation. This is also true 
for acetylcholinesterase from other animal sources (Nachmansohn and Wilson, 


1955), 


DISCUSSION 


PRT has showne¢leariysthat eserine does not prevent synthesis of 
cholmesterase in developing Aiblystoma embryos. Therefore. there is little 
reason to accept the conclusion that Durante (1958) reaches from her experiments 
with Crona embryos, namely, that eserine has mterfered with the synthesis of 
cholinesterase. Unlike Sawyer, Durante has no supporting evidence from enzyme 
studies; her conclusion is based solely on the irreversible inhibition of larval 
motility caused by eserine treatments. The prefertilization experiment with 
eserine provides the best circumstantial evidence that enzyme synthesis may be 
deficient, because, as Reverberi (1961) points out, eserine would have to be 
retained in the egg for an unusually long time if trapped eserine is the real cause 
of the inhibited motility. 

We know of no evidence from any biological system that a specific enzyme 
inhibitor which is not also a substrate analog could possibly prevent synthesis 
of an enzyme. On further investigation we have discovered that the Durante 
work is no exception. There is enough eserine trapped in Crona embryos following 
prefertilization treatment to inhibit the acetylcholinesterase of control embryos 
when homogenates of both are mixed together. Full acetylcholinesterase activity 
can be restored i homogenates of experimental embryos by simple dialysis: 
All of the Durante results can be explained by retention of eserine in the egg or 
embryo following even a brief exposure to the drug. 

Based on the Durante (1958) experiments, eserine seems to be freely diffusible 
into the egg at any stage of development and retained by all the pre-hatching stages. 
Since reversal of the reduced mobility caused by eserine occurred only in larvae 
which were first treated with the drug after hatching, it seems likely that the egg 
membranes are a permeability barrier which restricts loss of eserine in eserine-free 
sea water. This question could be studied further using enzyme preparations which 
de-chorionate ascidian eggs (Berrill, 1937). 

Our investigation also confirms an important observation made by both Sawyer 
(1943) and Durante (1958). Differentiation of the morphological structure as 
well as the potential physiological function of an acetylcholinesterase-containing 
tissue 1s independent of the functional activity of the enzyme during development. 
Likewise, the function of tyrosinase in ascidian pigment cells is not necessary for 
normal differentiation of the cells (AMinganti, 1957; Whittaker, 1960, 1966). 
This principle probably applies to the specialized enzyme systems of most 
differentiating cells and tissues. 
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SUMMARY 


l. The use of specific cholinesterase inhibitors and substrates demonstrated 
that the enzyme activity in Ciona mitestinalis larvae is an acetylcholinesterase. 

2. Eggs treated with eserine sulfate (an acetylcholinesterase inhibitor) for one 
hour prior to fertilization developed into larvae with defective muscular movements 
and greatly reduced levels of acetylcholinesterase activity. 

3. Two kinds of experiments show that this reduced enzyme activity was 
caused by the retention of eserine and not by inhibition of acetylcholinesterase 
synthesis. Homogenates of embryos from eserine-treated eggs inhibit acetyl- 
cholinesterase activity when mixed with homogenates of control embryos. — Full 
enzyme activity in homogenates of the experimental embryos could be recovered 
by dialysis. 
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